Introduction
Mesenchymal stem cells (MSCs) possess a self-renewal capacity and pluripotency, 1 and most MSCs were derived from bone marrow, which readily differentiate into tissues of the mesenchymal lineage. However, the use of MSCs has been limited by their low frequency in healthy tissues, and the incidence of MSCs in the bone marrow has been shown to decrease with age. 2 It is necessary to identify an appropriate cell source that is easily accessible, can be expanded to large numbers, and has an osteogenic potential. 3 Amniotic fluid-derived stem cells (AFSCs) have a high proliferation rate, 4, 5 and have the advantage of being primitive cells with little known antigenicity and great expansion capabilities. 6, 7 Therefore, AFSCs promise to be the new resource in tissue engineering. 8 The mechanical properties, such as cytoskeleton organization and elasticity, may play an important role in cell fate and differentiation. [9] [10] [11] The roles of the cytoskeletal filaments and its associated proteins in cell elasticity were recently studied with atomic force microscopy (AFM), 12, 13 which also indicated that the elasticity of the cells is mainly due to filamentous actin network. Cell elasticity is known to be determined by cytoskeletal elements, including microfilaments, microtubules, and intermediate filaments. The vast variation in cytoskeleton mechanics mainly results from a cell-type-dependent cytoskeleton composition, and the molecular organization and its regulation. Besides providing cell-shape stability, the cytoskeleton also plays an important role in signaling pathways that regulate intracellular processes and protein expression in response to a changing biomechanical environment. The role of the cytoskeleton as a mechanotransducer has been articulated in the studies of the cellular responses to changing substrate stiffness, cell shape, stretching, and shear stress. Thus, it can be concluded that difference in cytoskeletal filaments, which was caused by an inductive agent here, might result in difference in the morphology which can be observed by AFM, and then inevitably show differences in their mechanical property.
Atomic force microscopy (AFM) is a powerful tool for obtaining nanostructural details and biomechanical properties of biological samples including biomolecules and cells, 14 and has been demonstrated to be as a powerful nanotechnology for obtaining cellular nanobiomechanics, 15-17 such as the elasticity (or Young's) modulus. In this work, AFM was used to analyze mechanical changes during the osteogenic differentiation of human amniotic fluid-derived stem cells (hAFSCs). Furthermore, in order to monitor alterations in the cytoskeleton, confocal microscopy was used to explore the cytoskeleton arrangements during osteogenic differentiation. dexamethasone, 50 mM L-ascorbic acid, and 20 mM β-glycerophosphate were purchased from Cyagen Biosciences Corp; FITC-phalloidin was obtained from Sigma Corp.; monoclonal antibodies were purchased from eBioscience Corp.
Apparatus
An atomic force microscope (CP-Research, USA) was used to analyze the cellular elasticity and visualize the ultrastructures of cells. The cytoskeleton structures of cells were imaged by confocal microscopy (Zeiss LSM 510 Germany).
Results and Discussion

Immunophenotypical characterization
Based on flow cytometry results, hAFSCs showed negative staining for CD34, CD45 markers (all <2%), and positive staining for CD90, CD29 markers (all >95%), indicating a minimal heterogeneity in the cell population.
Actin cytoskeleton remodeling in differentiating hAFSCs
Cell elasticity is known to be determined by cytoskeletal elements, including microfilaments, microtubules, and intermediate filaments. The role of the cytoskeleton as a mechanotransducer has been articulated in the studies of cellular responses to changing substrate stiffness, cell shape, stretching, and shear stress. Confocal microscopy was used to explore the cytoskeleton arrangements in the two cell types. Based on these confocal images, significant differences were observed in actin organization between the two cell types (Fig. 1 ). Since the actin structure in stem cells is much different from that in differentiated osteoblasts, actin cytoskeleton remodeling is expected during hAFSCs differentiation into bone cells. Indeed, as osteogenic differentiation of hAFSCs progresses, more and more stress fibers are replaced with a thinner actin network which is characteristic of mature osteoblasts (Fig. 1) . Some thick actin bundles can be found in the cells even after 7 days of osteodifferentiation (Fig. 1b) . It should be noted that typical molecular osteogenic markers are expressed only after 14 days of differentiation. Apparently, after a 14-day culture, cells are osteogenically committed.
AFM image of the hAFSCs and differentiated osteoblasts
The atomic force microscope is a useful tool for collecting cellular surface information and studying cellular damage, because it can detect cellular topography, ultrastructure and changes in the cellular morphology after biochemistry reactions. [18] [19] [20] [21] Previous study indicated that the cell morphology 22, 23 and the cytoskeletal filaments 24 would affect the mechanical properties. To gain a comprehensive picture of the structures of hAFSCs and differentiated osteoblasts, AFM was utilized to obtain high-resolution three-dimensional morphology (Fig. 2) . Figures 2a and 2c are typical images of hAFSCs and differentiated osteoblasts, respectively, which vividly showed the differences between these two kinds of cells. As is shown the surface of hAFSCs has a fibril-like structure, which corresponds to the high-density actin inside the membrane (Fig. 2a) . However, the surface of osteoblasts is apparently covered by mineralized particles; it was expected that the hAFSCs responded strongly in terms of mineralization after being induced by dexamethasone. Thus, the ultrastructure of the cell membrane surface was supposed to be changed: the fibril structure is gone and the hAFSCs components (i.e., fatty acid, proteins) are replaced by mineralization (Fig. 2c) . A high-resolution AFM image was presented in the ultrastructural image of the cell surface. Besides, the histograms, which are a statistic of the height image to provide the distribution of particles size, were obtained by software (Image Processing 2.1, IP 2.1). Most of the particles on the surface of osteoblasts distributed from 200 to 400 nm in diameter (Fig. 2d) , while a diameter of hAFSCs particles ranging from 100 to 200 nm (Fig. 2b) . Thus, it can conclude that differences in cytoskeletal filaments might result in differences in morphology, and then lead to differences in their mechanical properties.
AFM force curve analysis of the mechanical properties of hAFSCs and differentiated osteoblasts
Biomechanics plays a very important role in cellular metabolism. Cell growth, proliferation, migration, adhesion, and differentiation all depend on and are regulated by the cellular mechanical properties. One of the most significant mechanical parameters of a cell is its elasticity. In this study, AFM force-distance curve analyses were used to examine the adhesion force on the membrane surface of hAFSCs and differentiated osteoblasts. Each cell was mechanically probed by AFM at several locations over a 5 × 5 μm area, avoiding the cell's perinuclear region. The force curve was obtained by measuring the cantilever deflection at every vertical z-position of the cantilever as it approached and indented a cell. The indentation depth was 10% of the total cell height. A total of ~20 cells of each type and experimental condition were used, with ~50 force-distance curves being acquired from each cell. Young's modulus, E, was analyzed from the force-distance curves and calculated according to the Hertz model, 25 as shown in the following equation:
Here ν is the Poisson ratio, F the loading force which can be obtained from the force-distance curves, and δ the indentation; it is 10% of the total sample thickness was considered for the calculation to limit the influence of the underlying substrate.
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E is Young's modulus, and R the radius of the curvature of the AFM tip, respectively. The cellular Poisson's ratio was assumed to be 0.5, which treats the cell as an incompressible material.
To study how the mechanics of hAFSCs changed when they commit to the osteogenic lineage, we cultured hAFSCs in an osteogenic induction medium and monitored alterations in elasticity. During osteogenic differentiation, the elastic modulus decreased (Fig. 3) . After a 4-week culture in the osteogenic medium, Young's modulus of hAFSCs dropped from 3.97 ± 0.53 to 1.52 ± 0.63 kPa. The changes result from cytoskeleton reorganization caused by differentiation (Fig. 1) , since the actin arrangement affects the mechanical properties.
Conclusions
Biomechanics plays a very important role in cellular metabolism. Cell growth, proliferation, migration, adhesion, and differentiation all depend on and are regulated by the cellular mechanical properties. One of the most significant mechanical parameters of the cell is its elasticity. In this study, the morphological and mechanical property changes of hAFSCs and differentiated osteoblasts were detected by AFM. As our measurements show, the surfaces of osteoblasts were covered by mineralized particles and most of the particles on the surfaces of osteoblasts were distributed from 200 to 400 nm in diameter (Fig. 2d) , while the diameter of hAFSCs particles range from 100 to 200 nm (Fig. 2b) . In contrast, there were some dips on the surface of hAFSCs, and the particles were smaller than that on osteoblasts (Figs. 2a and 2c) . Furthermore, the cell-body elasticity is determined by the cellular cytoskeleton. The cytoskeleton of hAFSCs changed much in the actin structure during osteogenic differentiation.
At the beginning of differentiation, actins were organized as thick bundles traversing the cell cytoplasm; in the late stage, they were arranged as a thin microfilament meshwork filling the cell interior (Fig. 1) . Moreover, Young's modulus of hAFSCs and differentiated osteoblasts has been obtained: 3.97 ± 0.53, 1.52 ± 0.63 kPa for hAFSCs and differentiated osteoblasts, respectively. Combining the result of the cytoskeleton (Fig. 1 ) and Young's modulus (Fig. 3) , we can note that the cytoskeleton affects the mechanical characteristics of cell elasticity.
For the first time that we know of, we have quantitatively characterized the hAFSCs of elasticity during osteogenic differentiation by AFM. Specifically, osteodifferentiation causes a decrease in the cell elasticity, which is typical for mature osteoblasts. These modulations are related to remodeling of the actin cytoskeleton from thick stress fibers into the thinner microfilaments during osteogenic differentiation.
Since biomechanics plays a key role in cellular metabolism, the characterization of the mechanical properties of hAFSCs has great implications for tissue engineering applications and the development of new therapies for regenerative medicine; also AFM can be used as a powerful tool for detecting ultrastructures and mechanical properties. 
